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Due to the three-dimensional ͑3D͒ electronic confinement, excitons trapped in quantum dots ͑QDs͒ are expected to be much more insensitive to nonradiative recombination than other semiconductor structures, such as quantum wells ͑QWs͒.
1 This difference should be particularly acute in semiconductors with high structural defect densities such as IIInitrides. Besides, the quantum confined Stark effect ͑QCSE͒ that occurs in polar III-nitride heterostructures has as a consequence a strong decrease of the oscillator strength of the interband transitions, and low-temperature decay times as long as 200 s were measured for GaN/AlN QDs. 2 It is now established that GaN/AlGaN QWs are very sensitive to nonradiative recombinations due to the high defect density, 3 unless structural imperfections induce additional carrier localization. 4 It is also often argued that long radiative decay times are associated to low radiative quantum yields, this argument being commonly used to promote nonpolar and semipolar heterostructures, for which the QCSE is much reduced compared to their polar counterparts. 5 In this context, an open question for polar structures is whether 3D confinement in QDs can significantly attenuate nonradiative recombination at room temperature for low oscillator strength transitions.
The aim of this letter is to assess the nonradiative processes in polar GaN/AlN QWs and QDs by comparing their behavior in terms of temperature dependence of the photoluminescence ͑PL͒ decay time. We confirm the sensitivity of GaN/AlN QWs to nonradiative recombination. In contrast, for GaN/AlN QDs we demonstrate that nonradiative processes are suppressed even for long-lived dots at room temperature.
GaN/AlN QD and QW 40-period superlattices with 7-nm-thick AlN barriers and various GaN QW/QD thicknesses were deposited on AlN-on-sapphire templates by plasma-assisted molecular-beam epitaxy. The growth/ geometry parameters are summarized in Table I . The GaN/ AlN QW structures were grown under Ga-rich conditions without growth interruptions, as described in Ref. 6 . Highresolution transmission electron microscopy ͑HRTEM͒ showed that the GaN/AlN interfaces are chemically abrupt at the atomic layer scale, and thickness fluctuations are limited to Ϯ1 atomic layer.
The synthesis of polar GaN/AlN QDs was performed by two methods: either by GaN deposition under N-rich conditions 7 or by GaN deposition under Ga-rich conditions followed by a growth interruption. [8] [9] [10] In both cases, GaN
QDs are hexagonal truncated pyramids with ͕1103͖ facets, and no Ga-Al interdiffusion has been observed. However, N-rich growth implies a reduction of the mobility of the adsorbed species during growth that results, in general, in a high density ͑10 11 -10 12 cm −2 ͒ of small QDs ͑1-2 nm high͒. On the contrary, Ga-rich conditions enhance the adatom mobility, leading to a lower QD density ͑10 10 -10 11 cm −2 ͒ and bigger QDs ͑2-5 nm high͒. This latter geometry favors the vertical correlation of the QDs in the stack. The samples under study consist of 40 periods of GaN QDs whose emission peak energy varies from 310 to 450 nm ͑i.e., QD height varying from 1 to 3 nm͒, as summarized in Table I . The HRTEM images in Fig. 1 illustrate the structural difference between GaN/AlN QW and QD superlattices.
Continuous-wave ͑cw͒ PL was measured with a frequency-doubled argon laser ͑ = 244 nm͒. Time-resolved experiments were performed using a frequency-tripled Ti-:sapphire laser ͑ = 270 nm͒ with a pulse width around 200 fs. The repetition rate was tuned between 100 KHz and 76 MHz depending on the temporal dynamics studied. The diameter of the excitation spot on the sample was about 50 m. The luminescence was collected into a 0.32 m monochromator with a 150 grooves/mm grating, and detected by a streak-camera. The temporal resolution of the a͒ Electronic mail: bruno.gayral@cea.fr. setup could reach 5 ps. The samples were mounted in a Heflow cryostat with temperature control from 5 K to room temperature. For both CW and time-resolved measurements, the excitation power density was kept low enough to avoid any screening of the internal electric field. 11 Note that the QD and QW size distribution not only leads to a broadening of the PL, but also to a distribution of decay times which explains that the spectrally integrated time-resolved PL signal is not monoexponential. In the following, we use the 1 / e decay times for the analysis.
The PL emission wavelength values are summarized in Table I , and illustrated in Fig. 2 for the case of QDs. Quantum confinement blue shifts the luminescence of the smaller QDs/QWs, whereas the larger QDs/QWs, due to the QCSE, show luminescence well below the GaN band gap ͑354 nm͒. To probe the competition between radiative and nonradiative recombination processes, we now focus on time-resolved PL. From the low-temperature decay times summarized in Table  I we observe the expected slowdown of the transient for longer emission wavelengths. Figure 3 displays the PL decay measured in sample QW-3 at room temperature and at 5 K. In the inset, the temperature dependence of the 1 / e decay times measured on the four QW samples is illustrated. The PL decay times are roughly constant up to 75 K, which strongly suggests that the decay is dominated by radiative recombination at low temperature. However, the decay times decrease significantly for higher temperatures; typically at least a factor of 2 is already lost at 150 K and at least a factor of 10 at room temperature. This is valid for all samples, even for the ones presenting radiative decay times below 1 ns.
In contrast, Fig. 4 displays the behavior of GaN/AlN QDs ͑sample QD-4͒, showing thermal insensitivity in all the temperature range. The decay times remain constant as an indication of the inefficiency of nonradiative recombination paths in such structures. The most striking feature is that this is true even for QDs presenting radiative decay times of 500 ns as illustrated in the figure.
Comparing QWs ͑Fig. 3͒ and QDs ͑Fig. 4͒, nonradiative recombination of photogenerated carriers in the QDs is suppressed in the 4-300 K range. This is a consequence of the 3D confinement in the QDs which, combined with the huge band offset in GaN/AlN, prevents the carrier escape toward nonradiative centers. We can estimate that a lower limit for the nonradiative recombination time in the long-lived GaN/ AlN QDs is 10 s. Conversely, the absence of lateral carrier confinement in QWs favors the thermal diffusion toward nonradiative recombination centers such as dislocations. In the inset of Fig. 2 , we further demonstrate the strong difference between QWs and QDs by comparing the temperature dependence of the integrated intensities measured under cw excitation for QW-4 and QD-4. As expected, the QW intensity strongly decreases between low and room temperature losing around four orders of magnitude. In contrast, the QD intensity is almost insensitive to temperature with a decrease by less than a factor 2. This small decrease is not in contradiction with the time resolved data since it was measured with an excitation energy much higher than the emission. Losses of photogenerated carriers during the relaxation process are thus likely to occur.
In conclusion, we have demonstrated the efficiency of 3D confinement in GaN/AlN QDs to suppress nonradiative recombinations up to room temperature, even for long-lived QDs with radiative decay times reaching the microsecond range.
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